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ABSTRACT: Several solvent-free processing methods to disperse
multiwalled carbon nanotubes (MWCNTs) in bisphenol F-based
epoxy resin were investigated, including the use of a microfluid-
izer (MF), planetary shear mixer (PSM), ultrasonication (US) and
combinations. The processed mixture was cured with diethyl tol-
uene diamine. Three complimentary techniques were used to
characterize the dispersion of the MWCNTs in cured composite
samples: optical microscopy, micro Raman spectroscopy, and
scanning electron microscopy (SEM). For sample MF þ PSM, op-
tical micrographs and Raman images showed reduced agglom-
eration and a homogeneous distribution of MWCNTs in the
epoxy matrix. SEM analysis of fractured specimen after tensile
testing revealed breakage of nanotubes along the fracture sur-
face of the composite. A comparison of the MWCNT dispersion
in the epoxy samples processed using different methods showed
that a combination of MF and PSM processing yields a more ho-
mogeneous sample than the PSM or US þ PSM processed sam-
ples. Mechanical testing of the composites showed about 15%
improvement in the tensile strength of samples processed by the
MF þ PSM method over other methods. Thermogravimetric
analysis (TGA) results showed a small decrease in the onset deg-
radation temperature for poorly dispersed samples produced by
PSM compared with the well-mixed samples (MF þ PSM). These
results strongly suggest that the MF þ PSM processing method
yield better-dispersed and stronger MWCNT/epoxy composites.
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INTRODUCTION Thermoset resins represent an important class
of engineering polymers that account for nearly 20% of the
polymers market, which encompasses composites, adhesives,
and coatings.1 Among the most prevalent engineering thermo-
sets, epoxy resins have been widely used because of their excel-
lent environmental and dimensional stabilities. In addition,
epoxies exhibit good bulk properties such as strength, modulus,
hardness, and adhesion to fillers. However, resins of this class
can be brittle and show poor resistance to crack growth due to
their high cross link density and amorphous characteristics. To
address the brittle characteristics of the crosslinked resin, gen-
erally glass or carbon fibers at high weight percent (wt %) have
often been used as reinforcing material.2,3 Fiber reinforcement
has proven to be effective in improving the fracture toughness
of the composite. For maximum reinforcement, the optimal
loading of the fibers typically falls in the range of 30–60 wt %,
which can adversely impact the weight of the composite.
Nanofillers have received much attention from the scientific
and technological community as replacement for conven-
tional fibers in fiber reinforced epoxy resin.4–7 This is
because nanofiller dispersed polymer composites can poten-
tially show dramatic improvement in mechanical, thermal,
and electrical properties upon addition of few wt % of nano-
fillers to a polymeric resin, and more importantly without a
significant weight penalty. Potential applications of carbon
nanotube-filled nanocomposites include coatings, sensors,
probes, energy storage devices, field emission displays, and
structural materials, such as lightweight vehicles, aircrafts,
civil constructions, sports equipments, marine, and military
hardware.8–12 For structural applications, typically 0.5 wt %
loading of multiwalled carbon nanotubes (MWCNTs) in ep-
oxy resin is considered adequate to produce high impact-re-
sistant structures.13–18 However, poor dispersion of MWCNTs
in polymer or host matrix such as epoxy can limit the
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translation of the excellent mechanical properties of
MWCNTs into the MWCNT-filled nanocomposites.19 MWCNTs
exhibit strong intertube interactions and are thus prone to
poor dispersion and agglomeration in epoxy. An approach to
address this challenge is the covalent or noncovalent func-
tionalization of MWCNTs to improve their interaction with
solvents and/or polymers leading to better dispersibility.20
Several chemical functionalization methods have been stud-
ied including covalent side-wall functionalization, noncova-
lent functionalization, oxidation by nitric acid-etching, and
nitrene chemistry.12,17,21–28 Despite the success in functional-
izing MWCNTs with desired chemical groups, engineering
good dispersion and orientation of functionalized MWCNTs
in resin remains a challenge. When MWCNTs are well dis-
persed, they form networks in the polymer matrix, and the
networks are responsible for enhanced reinforcement of
polymer composites containing MWCNTs.
Another approach to overcome bundling of MWCNTs is to
develop effective mixing procedures.29 The ‘‘as-produced’’
MWCNTs show poor dispersion within the polymer matrix
because of high cohesive strength. To overcome this chal-
lenge, nanotubes are vigorously mixed in a solvent prior to
their addition to the epoxy or a solvent-diluted epoxy.30 The
selection of solvent is based on polymer miscibility, MWCNT
dispersibility in the solvent, and the ease with which solvent
can be evaporated. The effect of solvent on the MWCNT dis-
persion has been previously reported by Song et al., who
used an ultrasonication (US) mixing method.19 Although
improved dispersion can be achieved by using solvent, the
presence of trace amounts of residual solvent and/or
entrapped bubbles in the final composite, despite application
of vacuum to the mixture, can have a negative effect on the
overall thermal and mechanical properties of the nanocom-
posite.31 Proper selection of solvent and the use of an effi-
cient solvent removal method is essential when considering
solvent-based methods to disperse MWCNTs in a polymer
matrix.31
Alternatively, solvent free processing methods (e.g., stirring,
kneading, extrusion, shear mixing,32 high pressure homoge-
nizer,18 calendaring, or three-roll mill33) have been studied
to formulate homogenous MWCNT/polymer composites.
While there is a substantial amount of literature available for
three-roll mill and US processing methods; limited literature
is available on the use of high shear mixing methods, such
as planetary shear mixing and microfluidics (MF), to deag-
glomerate CNTs in polymer nanocomposites.15,17,18,34 In US,
a pulsed ultrasound wave causes generation and collapse of
submicron-sized bubbles of the resin mixture and thus deag-
glomeration of MWCNTs in the polymer matrix. However,
processing of MWCNTs and polymer mixture using micro-
fluidizer (MF) involves the fluid flowing at high velocities
through microchannels of various geometries, and exposing
the mixture to high shear stresses. The applied pressure and
the channel geometry in MF control the fluid velocities
inside the microchannels, and hence the extent of MWCNTs
deagglomeration.35 MF processors use unique microchannel
design which offers the flexibility to generate high shear
rates by subjecting the nanomaterial along with epoxy resin
to high pressure conditions. Based on the literature data
from Microfluidics, MF can generate shear rates of more
than 107/s as compared with 5  105/s in roll mill and 7 
105/s in high shear homogenizer.36 Apart from MF ability to
generate high shear rates, MF processors also lends itself for
different scales of processing. While in the planetary shear
mixer, the MWCNT/polymer mixture is rotated at very high
radial velocity under high shear mixing conditions so as to
achieve deagglomeration of nanotube bundles. Kasaliwal
et al. describe the deagglomeration mechanisms of MWCNTs
in polymer matrix as a function of mixing conditions and
processing protocols.37 The two modes of deagglomeration
of MWCNT bundles are erosion and rupture. The rupture
mode of dispersion becomes prominent when the large
agglomerates are broken down to smaller aggregates in a
short time period such as in the case of MF where the
MWCNT/epoxy mixture is force-fed through a microchannel
under very high pressure in a short time period (about 30
s). The erosion mode of dispersion mechanism is prominent
when large agglomerates of MWCNTs erode from the bundle
and dispersion occurs gradually in the matrix over a longer
period of time. For example, slow dispersion takes place in
US (about 1 h dispersion time) and planetary shear mixing
(about 30 min dispersion time). Planetary shear mixing
(PSM), MF, and combination methods provide high shear
processing alternatives to solvent based methods in effec-
tively dispersing CNTs in epoxy matrix.
It is important to assess the effectiveness of mixing proce-
dures in dispersing MWCNTs in the polymer matrix. Gener-
ally, characterization techniques, which encompass morpho-
logical measurements over length scales in the micrometer
down to the nanometer range, are sought for evaluating dis-
persion of MWCNTs in epoxy samples. Optical microscopy
and Raman imaging are conventionally used to evaluate the
dispersion of MWCNTs aggregates in a polymer matrix on
the micro-scale (>1 lm), while scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and/or
atomic force microscopy (AFM) are used to measure disper-
sion, alignment, and local concentration gradients of the
MWCNTs in polymer matrix in the submicrometer range (<1
lm).38 Although optical microscopy is inadequate for sub-
micrometer-scale characterization, it is fast, nondestructive,
and provides a preliminary assessment of the overall distribu-
tion of MWCNT agglomerates present in the processed nano-
composites. However, SEM and AFM allow for the characteri-
zation of nanocomposite morphology at the submicrometer
scale, but these techniques provide only surface information
unless the cross-sections of fractured specimen are observed.
More recently, Raman spectroscopy has been shown to be a
powerful tool for the characterization of CNT/polymer com-
posites. Particularly, Raman mapping and Raman imaging
were used as complementary tool to optical microscopy to
evaluate the dispersion of the CNTs in the polymer matrix at
the micrometer scale. Most of the previous studies have used
the Raman features of the CNTs to analyze the stress transfer
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combination of optical microscopy and Raman imaging pro-
vides more accurate information of CNT dispersion at several
length scales.38 Similarly, Du et al. used the intensity distribu-
tion under the sampling volume around the second order gra-
phitic band, G0 band (2700 cm1), of reduced single-walled
carbon nanotubes/polymethyl methacrylate nanocomposites
to obtain Raman maps of CNT dispersion in epoxy matrix.44 In
this study, we explored a combination of the above techniques
to assess the dispersion of MWCNTs in epoxy composites pre-
pared via solvent-free processing protocols.
Although most of the studies found in literature focused on
the use of solvents to predisperse MWCNTs before mixing
with epoxy resin, this study compares microprocessing (MF),
high shear homogenization (planetary shear mixer), US, and
combinations thereof, to disperse MWCNTs in epoxy resin in
the absence of solvent. MF processor utilizes state of the art
micro channel configuration as outlet. The pre-mixed
MWCNT/epoxy mixture is pumped at very high pressure
(20,000 psi) in the processor to deagglomerate MWCNT bun-
dles and to disperse the MWCNTs in the epoxy resin. A sche-
matic of the MF processor is shown in Figure 1(a).
In PSM, the mixing container rotates in opposite direction to
the central rotating shaft at much lower speed (800 rpm)
than the central rotating drum (2000 rpm), thus generating
high shear forces in the container, which homogenizes the
filler in the host polymer or epoxy matrix. A schematic of
the PSM is shown in Figure 1(b) (adapted from Thinky Mixer
literature).45 Optical microscopy, Raman microspectroscopy,
and SEM were used to characterize the morphology and
homogeneity of MWCNTs/epoxy nanocomposite as they give
complimentary information about the state of nanotubes
dispersion in the polymer matrix.
To make the comparison meaningful (evaluate CNT disper-
sion) between samples processed using various methods, the
loading of MWCNT in the epoxy nanocomposite was kept
constant at 0.5 wt %. Although we worked at 0.5 wt % CNT
concentration, it is common to find nanocomposite literature
where the CNT content ranged from 0.1 to 1 wt %. In fact,
Gojny’s 2004 work used only 0.1 wt % CNT to show the
effectiveness of processing method in dispersing CNTs.14
Furthermore, Gonjalez et al. studied the noncovalent wrap-
ping of CNT with block copolymer and found that 0.5 wt %
concentration of noncovalently wrapped CNTs provided the
highest improvement in the mechanical properties of CNT/
epoxy nanocomposites.15 This report motivated us to choose
0.5 wt % CNT concentration in our studies to investigate the
effect of processing methods.
EXPERIMENTAL
Materials
Epon 862 and Epikure curing agent W were supplied by
Momentive Chemicals, USA and were used as received. Pris-
tine multiwall carbon nanotubes were purchased from Sigma
Aldrich USA (carbon > 95%, O.D.  L 6–9 nm  5 lm, num-
ber of walls were 3–6, median tube diameter was 6.6 nm)
and were used as received. The chemical structures and
reaction of Epon 862 and Epikure curing agent W are shown
in Scheme 1.
MF processing was conducted by Microfluidics Inc, Newton,
MA. Planetary shear mixer also known as ‘‘Thinky Mixer’’
(atmospheric pressure type) ARE 310 was provided by
Thinky Corporation USA. Branson Sonic Dismembrator was
used for US.
Methods
The general description of preparing MWCNTs/epoxy nano-
composite using various processing methods is shown in
Figure 2.
Planetary Shear Mixer Mixing Method
To 9.95 g Epon 862 epoxy resin weighed in the polypropyl-
ene container, 0.05 g pristine MWCNTs was added. Then the
35 mL container was sealed and mounted in the ARE 310
Thinky Mixer. The mixing speed was maintained at 2000
rpm and the CNT and epoxy mixture was homogenized for
30 min. The sample was cured in a programmable oven
according to the curing protocol described in later section.
SCHEME 1 Curing reaction of Epon 862 and DETDA curing
agent (Epikure W).
FIGURE 1 Schematic presentation of (a) Microfluidizer and
(b) Planetary shear mixer* (*adapted from Thinky Mixer
literature).
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MF Mixing Method
Initially, 99.5 wt % epoxy and 0.5 wt % pristine MWCNTs
were pre-mixed using high speed IKA Rotastat for 5 min at
20,000 rpm and at 65 C to reduce the viscosity of epoxy so
as to avoid clogging of microchannel during MF processing.
M110S MF was used in microfluidic processing of premixed
MWCNTs/epoxy sample. MF processing trials were per-
formed using the H30Z (200 lm) IXC at 15,000 psi and the
H10Z (100 lm) IXC at 20,000 psi. Since, the study by Micro-
fuidics46 reported that MF processing can reduce the CNT
length when the composite mixture is passed multiple times
(about 5–20 passes) through the MF processor, we subjected
the mixture to a maximum of two passes to process the
MWCNT/epoxy samples so as to minimize MWCNT length
reduction. For one batch of samples, the mixture was
allowed to pass twice through 200 lm channel (bigger bore
channel), while for the other batch of samples, the mixture
was allowed to pass once through 100 lm channel (smaller
bore channel). Optical microscopic images were collected of
the mixture before and after passage through the MF proces-
sor. These studies were conducted to demonstrate the role
of processing conditions (i.e., pressure and microchannel
diameter) on the dispersion of MWCNTs in epoxy specimen.
A portion of the dispersed sample was collected and cured
as per the curing protocol and the remaining portion of the
MF processed sample was further subjected to dispersion in
planetary shear mixer as described in the planetary shear
mixing method mentioned above to get MF þ PSM processed
sample. The MF þ PSM processed samples were also cured
as per curing protocol described in later section.
Ultrasonicator Mixing Method
The 0.05 g MWCNT/9.95 g epoxy mixture was sonicated
with a high-powered sonic dismembrator (Branson) for 30
min. During US, the power of sonication was gradually raised
while maintaining the temperature of the mixture at 35 C
by placing the reaction vessel in a water jacket. The water
jacket acted as a heat sink to avoid excessive heat buildup in
the sonication vessel. A considerable amount of froth forms
and there is a decrease in viscosity during sonication. After
sonication, the vessel was allowed to equilibrate to room
temperature and the sonicated mixture was placed in a vac-
uum oven at 40 C for 30 min. A portion of the US processed
sample was saved for curing and the other portion was sub-
jected to planetary shear mixer processing as described
above. The US þ PSM processed sample was degassed at
40 C under vacuum for 30 min and then cured in the pro-
grammable oven as described in the curing protocol below.
Curing Protocol
To 0.5 wt % pristine MWCNT/epoxy mixture processed by var-
ious mixing methods, 26.4 wt % curing agent W was added
and hand mixed vigorously. The mixture was degassed under
vacuum at 40 C for 30 min. A few drops of the degassed mix-
ture were spin-coated on glass coverslips and silicon wafers to
characterize the dispersion of MWCNTs in epoxy sample by op-
tical microscopy and micro Raman spectroscopy, respectively.
The bulk of the MWCNTs/epoxy mixture was poured into dog-
bone shaped molds of silicon rubber and placed for degassing
at 40 C in vacuum oven for 30 min and then placed in a pro-
grammable oven (Thermofisher). Curing was initiated by ramp-
ing the oven temperature from room temperature to 121 C at
2 C/min and holding the sample at 121 C for 2 h followed by
slow cooling of the sample to room temperature overnight.
Similar protocol has been reported to cure epoxy nanocompo-
sites.43,44 The mechanical properties of the dog bone samples
were characterized by performing tensile test measurements.
Optical Microscopy
Keyence Digital Microscope VHS 1000 was used to screen
the spin coated MWCNT/epoxy samples in transmission light
mode. A 1000 objective was used to collect individual
images and develop a montage of the sample. A minimum of
four measurements were recorded for each of the processing
conditions, unless otherwise stated. The images were proc-
essed by using an automated batch program (NIH’s Image J
program) and the images were thresholded to determine the
number and size of MWCNTs aggregates in each of the
processed sample.
Raman Spectroscopy and Raman Imaging
Raman spectra were recorded using an in Via Confocal
Raman Microspectrometer (Renishaw, UK) with a 780-nm
excitation laser (2 mW with 20 objective) and a 1200 L/
mm grating. Data analysis and curve fitting were performed
using Renishaw’s Wire 2.0 software. For Raman imaging of
the composites, dog bone samples were broken apart along
the bone axis, mounted in a secondary epoxy matrix, pol-
ished, and rinsed with ethanol to obtain a clean, flat surface.
Neither the use of a secondary epoxy nor the polishing
process was found to interfere with the Raman analysis.
Tensile Testing
The molding process produced dog-bone specimens were
25 mm (length) by 4 mm (gauge width) by 1.8 mm (thick-
ness) in size. Tensile experiments were conducted on an MTI
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tensile tester equipped with 10 kN load cell capability with
strain gauges. The experiments were conducted at room
temperature using a cross-head speed of 2.54 mm/min. A
0.2 N pre-load was applied to prevent slippage of test speci-
men. The stress-strain curves were recorded for about seven
specimens of each composition.
Scanning Electron Microscopy
Tensile fractured samples were mounted on an aluminum
stub; Au-Pd was deposited on the fractured surface and
observed using Jeol JSM 7600F Field Emission SEM. A 10 kV
accelerating voltage and secondary electron mode was used
with a working distance of 8 mm. Micrographs were col-
lected at several magnifications to map MWCNT agglomera-
tion and describe the mode of nanotube fracture in the
epoxy nanocomposites.
Thermogravimetric Analysis
A Seiko nanotechnology thermogravimetric analysis (TGA)
instrument was used to study the influence of MWCNT dis-
persion on thermal degradation of the nanocomposites. Sam-
ples were postcured at 177 C for 2 h and then slow cooled
to room temperature before analysis by TGA. A post-cured
sample (8–12 mg) was heated from room temperature to
100 C at a heating rate of 10 C/min and kept for 30 min;
then ramped from 100 to 450 C at a rate of 10 C/min and
then cooled back to room temperature at a rate of 10 C/
min. TGA was performed under nitrogen atmosphere at a
purge rate of 100 mL/min.
RESULTS AND DISCUSSION
Optical Microscopy
Optical microscopy has been previously used as a fast
screening technique to study the deagglomeration and dis-
persion of nanomaterials (i.e., nanoclays and carbon nano-
tubes) in epoxy matrix.17,37 However, the technique has not
been adopted to quantify deagglomeration of MWCNTs in ep-
oxy. In this study, we used the National Institute of Health’s
(NIH) Image J program to quantify the agglomerate number
and size distribution in MWCNT/epoxy nanocomposties.
Figure 3 presents optical microscopic images of uncured (a)
unprocessed, (b) MF processed through the H30Z (200 lm)
IXC channel at 15,000 psi, and (c) MF processed through the
H10Z (100 lm) IXC channel at 20,000 psi, pristine MWCNT/
epoxy mixtures. The images shown are from representative
regions of droplets of the liquid mixture placed on a glass
coverslip. We note that even within different regions of the
liquid mixture, there may be small variation in the deag-
glomeration of nanotubes. Visual inspection of the optical
images shows that the MWCNT dispersion varies between
unprocessed and processed liquid mixtures. Overall, there
were large agglomerates (>145 lm2) in the unprocessed
sample. In contrast, a considerable amount of smaller aggre-
gates (<2.5 lm2) were noticed throughout the image in the
sample that was passed through bigger bore channel (200
lm) during MF processing. Similarly, smaller aggregates
were noticed in the sample that was passed through the
smaller bore channel (100 lm) during MF processing. In
addition, the images of MF processed samples that passed
through smaller bore channel showed that there were thin,
oriented clusters of nanotubes (about 10 lm long and 1 lm
wide) distributed throughout the epoxy matrix. This indi-
cates that the oriented nanotube clusters were detached
from the bundles and are distributed throughout the matrix
of MF processed samples, while in the unprocessed sample
the bundles largely remain intact and exhibit macrophase
separation.
Optical microscopy results showed that there was no signifi-
cant variation in the MWCNT dispersion in MWCNT (0.5 wt
%)/epoxy mixture that was subjected to IKA Rotastat pre-
processing and that passed through MF of bore channel
H10Z (100 lm) IXC at 20,000 psi or MF bore channel H30Z
(200 lm). Therefore, the liquid mixture that was processed
through MF bore channel H30Z (200 lm) was used for a
comparative study of the effect of various processing meth-
ods on the quality of nanotube dispersion in cured sample.
Next, we have further compared the optical microscopic
images of cured samples processed using various methods.
Figure 4 represents the montage of cured (a) US, (b) PSM,
(c) US þ PSM, (d) MF, and (e) MF þ PSM processed
MWCNT/epoxy samples. A comparison of the images shows
a considerable degree of variability in the extent of deag-
glomeration and dispersion of MWCNTs in the epoxy matrix
depending on the mixing method employed. For example, in
the US processed sample, there are many large aggregates
FIGURE 3 Optical microscope images of uncured liquid mixtures of pristine MWCNT/epoxy nanocomposite (a) unprocessed;
(b) MF Processed through H30Z (200 lm) IXC at 15,000 psi; and (c) MF processed through the H10Z (100 lm) IXC at 20,000 psi.
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and some small aggregates, while in PSM processed sample
there are fewer large particles and many small particles. The
US þ PSM processed sample exhibits many small particles,
and in MF and MF þ PSM processed samples, there are
fewer small particles as observed by optical microscopy. We
performed a more detailed quantitative image analysis using
an automated batch program (NIH’s Image J software). The
image was first ‘‘color thresholded’’ and then analyzed to
determine agglomerate areas in a range from 2.5 to 145
lm2. The agglomerate number and size (as defined by area)
were plotted in Figure 5 for different processing methods. A
minimum of four images of each processed sample was used
for quantification purposes with error bars showing stand-
ard deviation in the different areas of the processed samples.
MF þ PSM processed sample has the least number of small-
est size (2.5 lm2) agglomerates (4) while US has the maxi-
mum number (9) of larger agglomerates (145 lm2). PSM
processing of the CNT/epoxy mixture generates a consider-
able number (35) of smaller (2.5 lm2) agglomerates and a
fewer number (2) of larger (145 lm2) agglomerates, while
the combination of US þ PSM processing generates a largest
number (62) of smaller (2.5 lm2) agglomerates with not so
noticeable amount of larger agglomerates. A word of caution,
it is difficult to discern from the optical images of MF þ
PSM combination processed samples whether there are addi-
tional smaller clusters of nanotubes present in the matrix.
As mentioned previously, the resolution of optical micros-
copy technique limits discerning the information, therefore
complimentary higher resolution FESEM technique has been
used in this study, and the results will be discussed in the
later section. The results presented in Figures 4 and 5
strongly suggest the benefit of using MF and PSM in combi-
nation to deagglomerate carbon nanotubes in epoxy mixture
over the PSM, or US processing stand-alone methods.
Among the samples characterized by optical microscopy, MF
þ PSM processed sample showed the most deagglomerated
MWCNTs dispersed in epoxy and it was found to be nearly
similar to MF processed sample. US þ PSM processed sam-
ple showed a higher degree of deagglomeration compared
with PSM processed sample. US processed sample showed
FIGURE 4 Effect of processing methods on dispersion of pristine MWCNT in epoxy resin (a) US; (b) PSM; (c) US þ PSM; (d) MF;
and (e) MF þ PSM.
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macroaggregates of MWCNT bundles in epoxy resin. The
latter sample was not investigated further because macroag-
gregates (> 100 lm2) could serve as defects in crosslinked
epoxy and can deleteriously impact mechanical properties.19
Therefore, our next level of characterization was centered
around MF þ PSM, US þ PSM, and PSM processed samples.
Raman Spectroscopy and Raman Mapping
Since Raman imaging resolution is at a scale of few micro-
meters, only information about large-scale spatial distribu-
tion of MWCNTs in the nanocomposite can be obtained. We
analyzed the Raman intensity ratio between MWCNTs and
the epoxy matrix to provide information about distribution
(agglomerations or other inhomogeneities) of MWCNTs in
the epoxy matrix that cannot be visually detected. When
comparing various composites processed using various proc-
essing methods, Raman analysis allows to study changes in
the distribution of the MWCNTs as it relates to processing
method. If factors, such as MWCNT concentration and
random orientation, are assumed to remain the same for the
different composites, quantification of the intensity ratio
should provide qualitative measure of MWCNT dispersion in
the composite. Figure 6(a) shows the Raman spectra of the
as-received MWCNTs and the pristine epoxy, recorded using
780-nm laser excitation. The Raman spectrum of the
MWCNTs exhibits two distinct features centered at 1314
and 1600 cm1, referred to as D band and G band, respec-
tively. The G band originates from the in-plane tangential
stretching of the carbon-carbon bonds, whereas the D band
is a double-resonant Raman feature resulting from the pres-
ence of defects and structural disorder in the MWCNTs.47
The Raman spectrum of the epoxy is more complex and
shows several peaks in the wavenumber range 700–1800
cm1, some of which directly overlap with the D and G
bands of the MWCNTs.
Three representative Raman spectra of the PSM, US þ PSM,
and MF þ PSM composites are shown in Figure 6(b). Each
Raman spectrum exhibits the characteristic features of both
MWCNTs and epoxy matrix. The intensity ratio between
Raman peaks of the two composite components can be used
to evaluate the amount and the dispersion of the MWCNTs
within the epoxy. In this study, we selected the ratio between
Raman intensities measured at 1314 and 1049 cm1, herein
referred to as I1314/I1049, to evaluate the dispersion of the
MWCNTs. While the 1049 cm1 feature can primarily be
ascribed to the epoxy matrix [see Fig. 6(a)], the Raman peak
at 1314 cm1 contains contributions from both epoxy and
MWCNTs. According to Figure 6(a), an I1314/I1049 ratio of
0.5 would represent pure epoxy with no MWCNTs, whereas
an I1314/I1049 ratio of 25.0 would indicate pure MWCNTs.
To analyze the amount and the dispersion of MWCNTs in the
various composites, we recorded Raman images of the I1314/
I1049 ratio for all samples over a 300  300 lm area (Fig.
7). The color scale of I1314/I1049 was set to a range of 2–9,
in which black (2) and red (9) represent the lowest and
highest MWCNT content, respectively. I1314/I1049 values
above 9 therefore all appear as red, while values below 2 all
appear as black. According to the data in Figure 7, compo-
sites PSM [Fig. 7(a)] and US þ PSM [Fig. 7(c)] have the high-
est MWCNT content, as compared with MF þ PSM [Fig.
7(b)], whereas the PSM processed sample exhibits larger
inhomogeneities in the distribution of the MWCNTs.
To evaluate adequately, the dispersion of the MWCNTs in
each sample, we re-plotted the I1314/I1049 data, assigning
each Raman image a separate color scale based on the 5%
(black) to 95% (red) interval of the measured I1314/I1049
values (Fig. 8). The MF þ PSM sample [Fig. 8(b)] exhibits
the best dispersion and with an I1314/I1049 range of 2.55–
3.70 (D ¼ 1.15), appears to be the most homogeneous com-
posite over the analyzed sample area (300  300 lm). The
FIGURE 6 (a) Raman spectra of as-received MWCNTs and cured epoxy (no MWCNT). (b) Comparison of representative Raman
spectra of PSM, US þ PSM, and MF þ PSM composites. All composite spectra show Raman features of both MWCNTs and the
epoxy matrix. The ratio of the Raman intensities at 1314 and 1049 cm1 (I1314/I1049) can be used to evaluate the amount and the
dispersion of MWCNTs in the epoxy.
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I1314/I1049 value of the US þ PSM sample ranges from 4.80
to 7.75 (D ¼ 2.95). The PSM sample [Fig. 8(a)] shows an
I1314/I1049 range of 2.75–8.95 (D ¼ 6.20) and is therefore
the least homogenous composite, among the samples stud-
ied. These results are in good agreement with the optical
micrographs presented in Figure 4.
Tensile Testing
Tensile testing was performed on dog bone specimens pre-
pared by three different processing methods namely PSM,
MF þ PSM, and US þ PSM using MTS tensile tester. Figure 9
shows the average tensile strength of composite and pristine
epoxy specimens. A comparison of the average tensile
strengths showed that the samples processed using MF þ
PSM method have about 15% higher tensile strength than
neat resin, whereas the sample processed using PSM or US
þ PSM exhibits about 15% lower tensile strength compared
with pristine epoxy resin. This suggests that the state of dis-
persion of the MWCNT agglomerates in epoxy resin as eval-
uated by optical microscopy and micro Raman spectroscopy
does influence the bulk mechanical properties of the
nanocomposites.
To examine whether there were statistically significant differ-
ences in the average tensile strength data due to the various
preparation methods, an analysis of significance (t-test) was
used. We calculated the confidence level (probability) at which
the mean strength of composite specimen processed using
various preparation methods are indeed significantly different.
A description using t-test has been provided along with Table
1S as part of Supporting Information. For this study, any confi-
dence level below 90% was equivalent to no statistically sig-
nificant difference. The addition of MWCNTs and processing
by PSM or US significantly decreased the strength of the epoxy
nanocomposite compared with pure epoxy resin. While the
addition of 0.5 wt % MWCNTs and processing by MF þ PSM
did significantly increase the strength of the epoxy resin. How-
ever, the mean strength of epoxy samples containing MWCNTs
processed using US þ PSM or PSM was not statistically signifi-
cant. These results suggest that the combination of MF and
PSM is an efficient approach to improve MWCNTs dispersion
in epoxy and thus improve the strength of nanocomposite.
Scanning Electron Microscopy
To understand how dispersion of MWCNTs can affect the
fracture behavior of nanotubes, SEM examination of frac-
tured surfaces of the MWCNT/epoxy nanocomposites were
performed. Figure 10 shows the SEM images of (a) pristine
MWCNTs, (b) PSM processed nanocomposite, (c) US þ PSM
processed nanocomposites, and (d) MF þ PSM processed
nanocomposite. For reference, we show the SEM image of
FIGURE 8 Raman intensity ratio (I1314/I1049) image of the PSM (a), MF þ PSM (b), and US þ PSM (c) composites. The color scale
was normalized such that black represents 5% of the maximum I1314/I1049 and red represents 95% of the maximum I1314/I1049 of
each sample.
FIGURE 7 Raman intensity ratio (I1314/I1049) image of the PSM (a), MF þ PSM (b), and US þ PSM (c) composites. The color scale
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pristine MWCNTs deposited on a silicon wafer and the fine
structures corresponding to the individual nanotubes. In the
SEM images of fractured sample of processed MWCNT/epoxy
composite, we clearly observe thin structures showing
MWCNTs. The hairy structures exist either as isolated ori-
ented thin clusters, agglomerates, or individual nanotubes in
the bulk epoxy matrix. For the PSM processed sample, aggre-
gates of the nanotubes were noticed as shown in Figure
10(b) inset, while for the MF þ PSM processed sample
smaller sized aggregates were noticed throughout the matrix
[Fig. 10(d) inset]. A close examination of the fractured sam-
ple of MF þ PSM processed specimen at high magnification,
showed better dispersion of nanotubes throughout the ma-
trix. Additionally, the individual nanotubes in the fractured
sample of MF þ PSM processed specimen [Fig. 10(d)]
showed actual ‘‘break’’ which appear as bright spots at the
end of the nanotubes indicated by dotted red arrows.15 Our
results are consistent with Gonzalez et al.; Gonzalez reported
that the block copolymer (pluronic) wrapped SWCNTs when
well dispersed in the epoxy matrix show as ‘‘bright dots’’ in
the SEM images of fractured surfaces, which were inter-
preted by the authors as ‘‘broken out’’ CNTs and was noted
as the reason for mechanical property improvement. How-
ever, the fractured sample of PSM processed specimen
showed poor dispersion of nanotubes throughout the matrix
and ‘‘pull-out’’ phenomena as seen by curled tubes in the
image as indicated by solid red arrows. Song et al. reported
noticing curly tube structures in the fractured surfaces of
MWCNT/epoxy nanocomposites when imaged by FESEM for
poorly reinforced CNT nanocomposite host matrix.19 High
magnification SEM of US þ PSM sample shown in Figure
10(c) indicated both pull out and broken nanotubes, which
suggest a combination of fracture mechanisms influencing
the mechanical properties of the nanocomposites. These
results compliment the earlier findings from optical micros-
copy and Raman microscopy that MF and PSM processing in
FIGURE 10 FESEM image of (a) pristine MWCNT and the images of fractured surfaces of pristine MWCNT/epoxy processed by: (b)
TM, (c) US þ PSM, and (d) MF þ PSM. Red solid arrows represent ‘‘pulled out’’ CNTs seen as curled tubes and red dotted arrows
represent as ‘‘broken’’ MWCNTs, which can be seen as bright dots in the SEM images. All scale bars shown at the bottom frame
in each of the images are at 100 nm scale. Figures (b) and (d) have also been shown at lower magnification (1 lm scale bar) in the
inset to present the state of CNT aggregation.
FIGURE 9 Tensile strength data (MPa) for MWCNTs/epoxy
nanocomposites processed by different methods.
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combination yields better-dispersed samples than PSM and
US þ PSM processed sample.
Thermogravimetric Analysis
The thermal stability of polymeric materials is defined by pa-
rameters such as the onset decomposition temperature (Td),
which is defined as the temperature at which 5% mass loss
occurs in the sample. To determine Td, the thermal stability
of epoxy and epoxy nanocomposites was evaluated by TGA.
A repeat of three TGA measurements was carried out for
each sample and an average with standard deviation was
reported in Table 1. Table 1 summarizes the onset decompo-
sition of cured epoxy and epoxy nanocomposites processed
using PSM and MF þ PSM methods. A modest decrease (5
C) in the onset of degradation temperature in the PSM proc-
essed nanocomposite sample compared with pristine epoxy
resin was noticed. This indicates that the MWCNT aggregates
present in the PSM processed sample may act as inhibitors
or barriers to the curing of epoxy and cause the observed
lower temperature at which the 5% weight loss occurs.
These results are consistent with the description presented
in the review paper by Bikiaris and Tao in which pristine
MWCNTs were described as exhibiting poor affinity towards
epoxy resin compared with functionalized MWCNTs.48,49 Our
TGA results support optical, Raman and SEM observations of
PSM processed samples and also reduction of tensile
strength over the neat epoxy resin. However, the sample
processed by MF þ PSM showed no increase in onset of deg-
radation temperature compared with that of neat resin.
Again, our TGA results support dispersion resulting from the
MWCNTs in the polymer matrix as obtained by optical mi-
croscopy Raman spectroscopy and SEM, where better disper-
sion of MWCNTs cause limited interference during curing of
epoxy resin.
CONCLUSIONS
Processing methods greatly influence dispersion of MWCNTs
in epoxy resin and thus the performance of the resulting
nanocomposite. A better dispersion of nanotubes in epoxy
was achieved by a combination of microfluidic processing and
planetary shear mixing. The extent of dispersion of MWCNT
agglomerates in the epoxy was quantified by optical micros-
copy combined with image analysis. The results of optical
image analysis data were found to corroborate with Raman
images derived from I1314/I1049 ratio and high resolution
FESEM examination of fractured surface of the obtained nano-
composite. Improvement in tensile strength was noted when
using the MF þ PSM processing method compared with pris-
tine epoxy resin. An improved dispersion of nanotubes in MF
þ PSM processed samples resulted in an increase in tensile
strength of the pristine resin by 15% while the poor disper-
sion of nanotubes in PSM processed samples resulted in
reduction in the tensile strength of the resin. The influence of
dispersion quality of MWCNTs in epoxy resin on thermal
properties was studied by TGA measurements. Weight loss
characterization of PSM processed samples revealed that
poorly dispersed samples have marginally (5 C) lower onset
degradation temperature than pristine samples. Detailed stud-
ies are underway to evaluate the effect of various processing
methods on dispersion of functionalized MWCNTs in epoxy
resin and its impact on the overall mechanical and thermal
properties of nanocomposites.
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